Abstract. In the present study, we constructed a lentivirus vector encoding the miR-29a precursor and established two stably infected cell lines, PLC-29a and 97L-29a. The overexpression of miR-29a was confirmed by TaqMan RT-PCR and significantly suppressed the growth of the hepatocellular carcinoma cell lines MHCC-97L and PLC. Dual-luciferase reporter assays indicated that the SPARC mRNA 3'UTR was directly targeted by miR-29a since the mutated 3'UTR was not affected. Silencing SPARC expression by RNAi knockdown resulted in a similar effect as miR-29a overexpression on hepatocellular carcinoma (HCC) cell growth regulation. Anti-miR-29a oligonucleotides (AMOs) upregulated the levels of SPARC in the HCC cells. The phosphorylation of AKT/mTOR downstream of SPARC was inhibited in miR-29a-overexpressing HCC cells. We further examined and compared the expression levels of miR-29a in HCC tissues and the corresponding nearby noncancerous liver tissues of 110 patients with HCC by qRT-PCR, and significantly lower expression of miR-29a was observed in the tissues affected by HCC. Our findings demonstrate that the expression of miR-29a is important in the regulation of the SPARC-AKT pathway and HCC growth.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors worldwide, particularly in Asian countries due to the prevalence of hepatitis B infection. Despite undergoing multimodal treatment including partial hepatectomy, thermal ablation, radiation, chemotherapy, systemic chemotherapy and liver transplantation (1, 2) , most of these patients eventually die from progressive tumors. Thus, an understanding of the molecular mechanisms involved in the tumor progression, development and growth regulation of HCC is urgently needed.
SPARC, also named osteonectin, is a secreted multifunctional matricellular glycoprotein and rich in cysteine. It is involved in important biological functions, including cell adhesion, migration, tissue repair and remodeling. SPARC is differentially expressed in varous tumors including breast cancer (3), melanoma (4), gliomas (5) , prostate cancer (6) and colorectal cancer (7) . However, the significance remains unclear and the detailed functions and molecular mechanisms are not known. Lau et al (8) observed that SPARC is related to HCC angiogenesis and tumor progression. Exogenous SPARC increases cell survival under stress initiated by serum withdrawal through a decrease in apoptosis and rapidly induces AKT phosphorylation, an effect that is blocked by a neutralizing SPARC antibody (5) . Cell growth and proliferation are associated with AKT phosphorylation and activation. Furthermore, AKT activation is also essential for anti-apoptotic effects since AKT is involved in the regulation of tumor cell growth (9) . microRNAs (miRs) are small, non-coding RNA molecules that regulate gene expression (10) , by translational inhibition or cleavage of their target mRNAs through base-pairing to partially or fully complementary seed sites. Aberrant miRNA expression, including expression of miR-21, miR-122a, miR-148, miR-185, miR-199a and miR-151, has been observed in HCCs and has been shown to regulate cell growth, apoptosis, migration, or invasion in different study cohorts (11) (12) (13) (14) (15) . miR-29a is involved in renal fibrosis by suppressing collagen expression (16) . miR-29a also appears to hinder elastin expression in fibroblasts and smooth muscle cells (17) , which prevents and slows the development of fibrosis. miR-29a suppresses interferon-α receptor and regulates the threshold for infectionassociated thymic involution (18) . In acute myeloid leukemia cells, upregulation of the nuclear oncogene Ski is associated with low miR-29a levels because forced expression of miR-29a downregulates Ski (19) . Given that miR-29a is microRNA-29a suppresses cell proliferation by targeting SPARC in hepatocellular carcinoma XU-CHAO ZHU   1,2   , QIONG-ZHU DONG  2 , XIAO-FEI ZHANG  2 , BIAO DENG  2 ,   HU-LIANG JIA  2 , QIN-HAI YE  2 , LUN-XIU QIN  2 and XING-ZHONG WU involved in myogenesis, osteoblastic differentiation, sclerosis and cardiac fibrosis (14, (19) (20) (21) (22) , there is also evidence showing that miR-29a is significantly downregulated in patients with HCC (14) . Downregulation was mainly observed in the serum of fibrosis patients, targeting the pro-apoptotic factors Bcl-2 and Mcl-1. However, the detailed regulatory role of miR-29a in HCC tumorigenesis and metastasis is not fully understood and requires further investigation.
In this present study, we found that miR-29a expression was dramatically decreased in the majority of examined HCC tissues, and overexpression of miR-29a dramatically induced cell growth inhibition, which was associated with SPARC signaling in the AKT pathway. Plasmids, lentivirus production and transduction. To construct a plasmid expressing miR-29a, the pri-miR-29a sequence was amplified with the primers AAAGGATCCGCCATAGAAACC CAGTTTC and AAAACGGCTCCAAGGGATGAATGTAA TTG, from human genomic DNA and then subcloned into the BamHI and MluI sites of the pWPI 1.1 vector to generate pWPImiR-29a. The wild-type SPARC-3'UTR sequence that contained putative binding site for miR-29a was PCR-amplified from oligo(dT)-primed HEK 293T cDNA with the primers ccgCTCGAGATCCACTCCTTCCACAGTACCG and ttGCG-GCCGCGTGTGGTCTGCCTGCTAGA, and the 2.4-kb product was then subcloned into the XhoI and NotI sites of the psiCHECK-2 vector, immediately downstream of the Renilla luciferase gene. The resulting plasmid was named psi-SPARC-3'UTR-WT. The plasmid psi-SPARC-3'UTR-MUT encodes a mutated sequence in the complementary site for the seed region of miR-29a, which was generated via site-directed mutagenesis (QuickChange XL site-directed mutagenesis kit; Stratagene, Cedar Creek, TX, USA) and psi-SPARC-3'UTR-WT as a template. The SPARC mutant site position was as follows: the first site position UCUGCCUGGAGACAAGGUGCUAA became UCUGCCUGGAGACAACCCCGCAA. The second site position AGUGAAUACAUUAACGGUGCUAA became AGUGAAUACAUUAACCCCCGCAA. Virus particles were harvested 60 h after pWPI-miR-29a transfection of the packaging plasmid psPAX2 and pMD2.G into HEK-293T cells using the FuGENE 6 reagent (Roche Diagnostics). PLC and MHCC-97L cells were infected with recombinant lentivirustransducing units and 8 µg/ml Polybrene (Sigma).
Materials and methods

Cell
RNA extraction and quantitative RT-PCR.
Total RNA was extracted from frozen tumor specimens and cell lines using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Total RNA (500 ng) was reverse-transcribed using PrimeScript ® RT Master Mix (Takara) reverse transcriptase according to the manufacturer's instructions. Real-time PCR analyses were performed with FastStart Universal SYBR-Green Master (Roche Diagnostics). For qRT-PCR of miR-29a, 50 ng of total RNA was reversetranscribed with miR-29a (ABI ID, 000412)-or U6 (ABI ID, 1973)-specific stem-loop primers and subjected to TaqMan miRNA assays using an ABI PRISM ® 7900HT sequence detection system (from Applied Biosystems, Foster City, CA, USA).
Luciferase reporter assays. HEK293T cells plated in a 96-well plate were co-transfected with 200 ng of pWPI.1 or pWPI-miR-29a and 40 ng of psi-SPARC-3'UTR-WT or psi-SPARC-3'UTR-MUT. For the antagonism experiment, HEK293T cells were cultured in 96-well plates and co-transfected with 200 nM anti-miR-C (control) or anti-miR-29a, as well as 40 ng of psi-SPARC-3'UTR-WT or psi-SPARC-3'UTR-MUT. Luciferase activity was measured 48 h after transfection and analyzed using the Dual-Luciferase reporter assay system (Promega). Transfections were performed in duplicate and repeated in at least three independent experiments.
Cell proliferation assays. Cell proliferation was determined using the WST-1 (Roche Diagnostics) assay. Cells (3x10 3 /well) were plated into the wells of a 96-well plate, each containing 90 µl of culture medium. After 24, 48, 72 and 96 h, 10 µl WST-1 was added, the cells were incubated for 2 h at 37˚C, and then the absorbance was measured at a wavelength of 450 nm. Three independent experiments were performed.
Oligonucleotide (AMO) transfection. The small interfering RNA sequence targeting human SPARC was AUUGCUGCA CACCUUCUCA. The unspecific control siRNA (NC) was not homologous to any human genome sequences and synthesized by GenePharma Co., Ltd. (Shanghai, China). The anti-miR-29a was a 2'O-methyl-modified oligonucleotide with a sequence that was complementary to the mature miR-29a and was designed as an inhibitor of miR-29a. The anti-miR-C was used as a negative control in the antagonism experiments. Transfection of plasmid DNA or co-transfection of RNA duplexes with plasmid DNA was performed using the FuGENE 6 reagent. All transfections were performed in triplicate.
Western blotting. Cells were harvested and lysed with RIPA lysis buffer supplemented with protease inhibitors and phosphatase inhibitors (Roche Diagnostics). Protein extracts were separated by 10% SDS-PAGE and transferred to a polyvinylidene fluoride membrane (Millipore). The membrane was blocked with 5% non-fat milk and incubated with rabbit anti-SPARC polyclonal antibody, rabbit anti-p-AKT (S473) p-mTOR (S2448) or P-ERK (T202, Y204) polyclonal antibodies, rabbit anti-AKT polyclonal antibody, or GAPDH rabbit antibody, all of which were from Cell Signaling Technology, Inc. The protein bands were detected with Chemiluminescent HRP substrate (Millipore).
Statistical analyses. Data are expressed as the mean ± standard error of the mean from at least three independent experiments. Kaplan-Meier estimate of the survival rate was contributed by SPSS software. All statistical tests were two-sided, and a P-value <0.05 was considered to indicate a statistically significant result.
Results
miR-29a is downregulated in HCC.
In a previous study, we observed differentially expressed miRNAs in metastatic versus non-metastatic liver tissues from patients with HCC (12) . Here, we found that miR-29a was downregulated in HCC tissues from 110 patients compared to corresponding adjacent nontumor liver tissues using a specific TaqMan probe RT-PCR assay (Fig. 1A) . There was a significant difference in miR-29a expression levels between HCC and the adjacent benign tissues (P<0.01). Next, we further analyzed the expression level of miR-29a in 4 human HCC cell lines compared to the LO2 normal immortalized liver cell line and found that miR-29a was expressed at significantly lower levels in HCC cells, especially in PLC and MHCC-97L, when compared with the LO2 cells (Fig. 1B) . The SPARC mRNA levels were significantly higher in the HCC tissues than that in the adjacent non-tumor liver tissues (P<0.01) (Fig. 1C) .
Overexpression of miR-29a suppresses HCC cell growth.
To gain insight into the biological role of miR-29a in the regulation of cell growth in HCC, we constructed a lentivirus vector encoding the miR-29a precursor and established two stably infected cell lines, denoted PLC-29a and 97L-29a, after lentivirus infection. The expression level of miR-29a was then detected by TaqMan PCR after overexpression of miR-29a. The data showed that the expression levels of miR-29a in PLC-29a and 97L-29a were markedly increased, while miR-29a expression was not affected in the empty vectorinfected cells (Fig. 2A) . To explore the role of miR-29a in HCC cell growth, we analyzed the regulatory effect of miR-29a on cell growth and found that both PLC-29a and 97L-29a cells grew at significantly lower rates than matched cells infected with the empty vector ( Fig. 2B and C) (P<0.01) .
SPARC is a direct target of miR-29a.
To explore the possible molecular mechanism by which miR-29a suppresses cell growth, we analyzed SPARC mRNA, which is a predicted target of miR-29a. First, we measured SPARC protein levels in HCC cells and found that SPARC was highly expressed in the 4 HCC cell lines, but lowly expressed in normal liver LO2 cells (Fig. 3A) . Interestingly, miR-29a and SPARC expression levels were inversely correlated in the LO2 cells and the 4 HCC cell lines. To determine whether SPARC is a direct target of miR-29a, a Dual-Luciferase reporter system was employed. Using miRNA target prediction, we found that the 3'UTR of SPARC contains two miR-29a-binding sites (Fig. 3B) . To assess miRNA binding to the 3'UTR, we constructed luciferase reporters with the SPARC-3'UTR. Co-transfection of the reporter containing the SPARC-3'UTR-WT construct with miR-29a significantly suppressed the Renilla luciferase activity in 97L-29a cells compared to the control group (empty vector), while the mutant SPARC-3'UTR reporter (i.e., mutated in the seed sequence binding region) displayed no response to high levels of miR-29a in 97L-29a cells (Fig. 3B and C) . Similar results were also observed in the PLC-29a cells. Subsequently, we co-transfected anti-miR-29a and SPARC-3'UTR-WT or SPARC-3'UTR-MUT in miR-29a-overexpressing MHCC-97L (97L-29a) cells and observed that the anti-miR-29a inhibitor rescued the luciferase activities of the reporter containing the wild-type SPARC-3'UTR (Fig. 3D) , but the mutant did not. In accordance with these results, we observed a clear decrease in endogenous SPARC protein in PLC and MHCC-97L cells with miR-29a overexpression, whereas no obvious changes were detected in the PLC and MHCC-97L cells infected with the vector (Fig. 3E) . In addition, suppression of miR-29a by antisense miR-29a led to higher expression of SPARC (Fig. 3F) . These results suggest that miR-29a downregulates SPARC expression, by direct targeting of its 3'UTR.
miR-29a inhibits cell growth via the SPARC-AKT pathway.
Since SPARC is a positive regulator of AKT and mediates cell survival (5), and miR-29a can directly target SPARC mRNA and suppress HCC growth, the effectors downstream of SPARC required further investigation. As the downstream effector, AKT activation is sufficient to promote cell proliferation and survival. We hence examined the regulatory effect on and changes in P-AKT levels in PLC and MHCC-97L cells by miR-29a overexpression. The expression of P-AKT (S473), P-ERK (T202 and Y204) and P-mTOR (S2448) was significantly reduced in the PLC-29a and 97L-29a cells (Fig. 4A ). These observations suggest that the AKT/mTOR pathway was inhibited in miR-29a-overexpressing HCC cells. To determine the role of SPARC in the AKT/mTOR pathway further, SPARC was knocked down to examine the importance of endogenous SPARC expression. SPARC expression was greatly reduced after SPARC siRNA transfection in PLC and MHCC-97L cells (Fig. 4B) . Silencing of SPARC significantly reduced both its protein levels and the cell growth rate (Fig. 2B) , which was similar to the phenotype induced by miR-29a overexpression. Thus, we investigated the AKT/mTOR pathway, and found it was also suppressed after SPARC silencing in both MHCC-97L and PLC cells (Fig. 4C) . These results suggest that SPARC silencing resulted in a similar effect on the AKT/ mTOR pathway as miR-29a overexpression.
miR-29a expression is associated with patient survival. All of the 110 patients enrolled in this study were divided into two groups according to the level of miR-29a expression. The 60 patients with miR-29a expression less than the median value were considered to have low expression of miR-29a, while 50 patients with miR-29a expression higher than the median level measured by PCR were considered to have high expression of miR-29a. After analysis with Kaplan-Meier method, we found that the patients with relatively high expression of miR-29a survived at a significantly higher rate than those with low expression of miR-29a in a 6-year survival surveillance (Fig. 5) . Patients with higher miR-29a expression than the median level had a more favorable survival rate as compared with those with less than the median. Between the metastasis and no metastasis groups the difference in miR-29a expression was not significant (P=0.068).
Discussion
Evidence shows that miRNAs have important roles in mRNA stability, directly contribute to mRNA degradation and gene expression (23) . In this study, we found that miR-29a expression was reduced in HCC tissues compared to normal tissues and reduced in 4 HCC cell lines compared to a normal liver cell line. Hence, we further investigated the molecular mechanisms involved in miR-29a action. To this end, we constructed an expression vector and established two cell models stably overexpressing miR-29a, which were used for cell growth regulation. Overexpression of miR-29a significantly inhibited the proliferation rate of both MHCC-97L and PLC cells. These data agree with previous reports indicating that miR-29 sensitizes HCC cells to apoptosis triggered by various stimuli (14) .
There are lines of evidence indicating that miR-29a plays an important role in liver fibrosis and in sensitizing HCC cells to apoptosis (14, 24) , but some reports also indicate that miR-29a promotes HCC cell invasion and metastasis by downregulating the tumor suppressor PTEN (25) . These discrepancies may be due to differences among the samples, such as the sample source, diverse pathogenic attributes and miscellaneous pathological characteristics. Because one miRNA can target dozens of mRNAs that impact several molecules involved in various signaling pathways, the dominant influence of an miRNA on the regulation of cellular functions may depend on the relative importance of the targets that are involved in the signaling pathways (9) . Indeed, the roles of an miRNA may oscillate between repression and activation in coordination with other regulators that catalyze the phosphorylation of the targets, and the roles of the miRNA also depend on the relative importance of the targeted molecule in the regulatory pathway (10) .
SPARC is an extracellular glycoprotein which is involved in promoting cell motility and invasion in several carcinoma cell types, including breast, prostate (6), melanoma (4) and glioblastomas (5) . SPARC overexpression in this study was observed in the HCC cell lines compared to the immortalized normal liver cell LO2, or in HCC tissues from 110 patients compared to the adjacent tissues. To elucidate the targets of miR-29a in HCC, we analyzed SPARC as a potential target of miR-29a. Using a luciferase reporter assay, we found that The endogenous protein levels of P-AKT (S473), P-mTOR (S2448) and P-ERK (T202,Y204) were determined by western blotting after infection with miR-29a or empty vector. GAPDH served as an internal control. The results are representative of at least three independent experiments using MHCC-97L and PLC cells stably expressing miR-29a or the vector control. (B) Endogenous SPARC expression was assayed by western blotting in cells expressing siRNA directed against SPARC. MHCC-97L and PLC cells were transfected with siSPARC or NC (control) for 48 h and then analyzed by western blotting (GAPDH, internal control). (C) The expression levels of P-AKT (S473), P-mTOR (S2448) and P-ERK (T202,Y204) in MHCC-97L and PLC cells were measured by western blotting after transfection with siRNA against SPARC or with NC (control). the 3'UTR from SPARC mRNA was significantly targeted by miR-29a. Mutation of the miR-29a binding sequence in the SPARC-3'UTR abrogated the effects of miR-29a. Use of an miR-29a antisense oligonucleotide rescued the activities of the luciferase reporter. Furthermore, in both HCC samples and HCC cell lines, miR-29a expression inversely correlated with SPARC expression. All of these data indicated that SPARC mRNA was targeted by miR-29a in HCC cells. Interestingly, the effect of SPARC siRNA on HCC cell growth was similar to miR-29a overexpression in both PLC and MHCC-97L cells. Thus, we believe that SPARC is the target by which miR-29a inhibits HCC cell proliferation.
SPARC can mediate cell survival through the activation of AKT (5) . Activated AKT is sufficient to promote cell proliferation and survival since activated AKT phosphorylates MDM2 and inactivates p53. The role of the PI3K-Akt cascade in the regulation of proliferation, survival, and differentiation of many different cell types has been well established. Cumulative evidence indicates that abnormal activation of the PI3K/Akt/mTOR signaling pathway, which can promote cell growth, frequently occurs in HCC. In our study, we noted that overexpression of miR-29a reduced the level of AKT phosphorylation, but anti-miR-29a enhanced the level of P-AKT. The expression of miR-29a appears to be an independent prognostic factor for overall survival since a higher expression level of miR-29a was associated with increased patient survival.
Taken together, our results demonstrate that overexpression of miR-29a significantly inhibits HCC cell proliferation in vitro by inhibiting SPARC, a direct and functional target of miR-29a, which markedly promotes HCC cell proliferation. These findings may facilitate the development of potential therapeutics against HCC.
